Summary: Experimental brain tumors were produced in rats by intracerebral implantation of a neoplastic glial cell clone. Within 2-6 weeks, spherical brain tumors developed at the implantation site with a mean diameter of 6 mm. Local blood flow and local glucose utilization were measured under light barbiturate anesthesia by quantitative autoradiography in the tumor and peri tumoral brain tissue. In solid parts of the tumor, blood flow was 57.8 ± 2.0 ml/lOO g/min (mean ± SE), and glucose utilization was 87.2 ± 5.8 Mmol/lOO glmin, respec tively. In necrotic regions, flow and glucose utilization were zero. In peri tumoral brain tissue of the ipsilateral hemisphere blood flow was reduced by 13-23%, as compared to homologous regions of the opposite side, the greatest decrease being recorded in the ipsilateral thalamus. Flow in the oppo site hemisphere was of the same order of magnitude as in normal control rats.
. Biochemical substrates were as sayed in samples taken from the tumor or peritumoral brain tissue (Schmiedek et aI., 1974; Hjelm et al. , 1975) , but these investigations did not give information about the spatial distribution of the observed changes.
The rapid development of positron emission to mography and its application to three-dimensional evaluation of flow and metabolism in patients have raised the interest in experimental studies, in which these parameters can be assessed under stan dardized conditions. In the present study, local blood flow and glucose consumption were investi gated in a reproducible brain tumor model (Mennel, 1978) using quantitative autoradiographic tech niques. The results obtained revealed a consider able inhomogeneity of flow and metabolism and suggest that three-dimensional regional methods are the only adequate way for detailed study of the pathophysiological events involved.
METHODS
Thirty rats were used. Experimental brain tumors were produced under barbiturate anesthesia (50 mg/kg) by stereotactic implantation of 10,000 tryp sinized cells of a glioma clone into the putamen of the right hemisphere. This clone has previously been derived from a nitrosurea-induced malignant glioma and has been identified as a low differ entiated oligodendroglioma (Mennel, 1978; Hurter and Mennel, 1981) .
After implantation the animals were allowed to recover and were kept on a standard rat diet. Fif teen animals, in which cell implantation resulted in tumor development, exhibited neurological symp toms after 2-6 weeks. At this time, the animals were again anesthetized with 50 mg/kg pentobarbital, tracheotomized, immobilized with gallamine triethiodide (15 mg/kg), and artificially ventilated with oxygen-enriched room air. The carbon dioxide tension of the arterial blood was adjusted to about 40 mm Hg; oxygen tension was kept above 150 mm Hg (Table 1) ; body temperature was maintained at 38°C using a servocontrolled heating pad.
In one group (6 rats), cerebral blood flow was measured, using quantitative autoradiography (Reivich et aI. , 1969) . [14C]Antipyrine, 50 J.tCi, was infused intravenously over a period of 1 min, and arterial blood samples (30 J.tl) were taken at 10-s intervals from a femoral artery. Smearing artifacts were minimized by using a short catheter (less than 2 cm) and by rejecting 1 -2 drops of blood before taking the next blood sample. After 1 min the animals were killed by intravenous injection of 1 ml saturated potassium chloride, the brain was rapidly removed, frozen in methylbutane at -70°C, and pro cessed for quantitative autoradiography according to the procedure described by Reivich et al. (1969) . Densitometry was performed using a photometer (Zeiss, Oberkochen) equipped with an aperture of 0. 65 mm. After exposure, cryostat sections were stained with Masson's trichrome stain for histologi cal localization of the tumor.
In another group of animals (9 rats), regional glucose consumption was assessed using the [14C]_ deoxyglucose method (Sokoloff et aI. , 1977) . A 50-J.tCi bolus of the tracer was injected intrave nously, and arterial blood samples were taken at gradually increasing intervals from 15 s to 45 min after injection. The animals were then killed with potassium chloride, and brains were processed for quantitative autoradiography in the same way as for regional determination of blood flow. Glucose me tabolism of nontumoral brain tissue was calculated, using the equation and constants given by Sokoloff et al. (1977) . Metabolic activity of the tumor was tentatively estimated with the rate constants of gray matter.
A third group (8 rats) was used as sham-operated controls. In these animals the implantation canula was inserted into the right putamen, and tissue cul ture medium without tumor cells was injected. Three weeks later, the animals were processed for either blood flow or glucose metabolism in the same way as the tumor-bearing rats.
Statistical evaluation of the data was carried out using the nonparametric Mann-Whitney U-test.
RESULTS

General State and Neurological Symptoms
After tumor implantation, a few rats died because of intracerebral bleeding or postanesthetic respira tory insufficiency. The other animals recovered after implantation and, on the next day, appeared neurologically normal. At varying intervals between 2 and 6 weeks, the animals suddenly became drowsy and stopped feeding. The fur became rough and the general behavior was lethargic. In most of the animals, unilateral symptoms in accordance with the side of the tumor implantation appeared, e. g. , ipsilateral mydriasis, contralateral paresis of hindlimbs and, more rarely, of forelimbs, and cir cling behavior. The general state of the animals dete riorated rapidly, and rats which were not used for physiological evaluation died within less than 2 days. For this reason determinations of flow and metabolism were carried out soon after the first neurological symptoms appeared. At this time, arte rial pH, blood gases, and blood pressure of the ex perimental animals did not differ significantly from their respective controls. Blood glucose of the tu mor animals was slightly lower than that of the con trols but still in the normoglycemic range (Table 1) . 
Cerebral Blood Flow
Six rats were used for quantitative evaluation of local cerebral blood flow, The animals exhibited spherical tumors at the site of implantation, the di ameter ranging between 3 and 11 mm (mean, 6.2 mm). The smaller tumors were solid; in the larger ones, central necrosis was present, covering up to 50% of total tumor volume. The larger tumors partly infiltrated the opposite hemisphere, but most of the tumor mass was confined to the ipsilateral side.
Blood flow in the solid parts of the tumor was 57.8 ± 2.0 mVlOO g/min (mean ± SE). Flow gradu ally decreased towards the center of the tumor and was zero in necrotic regions (Fig. 1) . Hyperemic foci were rarely observed and, when present, con cerned small circumscribed areas in the infiltration zone of the tumor mass.
Local flow values in the peri tumoral brain tissue are summarized in Table 2 . In the cortex of the ipsilateral hemisphere, blood flow was 13-20% lower than on the contralateral side, which, in turn, had a slightly higher flow value than the sham operated controls. In the ipsilateral putamen, a de crease of 18% was noted; in the hippocampus, a decrease of 20%; and in the ipsilateral thalamus, a decrease of 23%. The latter differences were statis tically significant. Occasionally, either a small hyperemic rim or a decreased area of flow was noted in the immediate vicinity of the tumor, but this was not a consistent finding. A correlation of blood flow with the histological appearance-in particular with vascular density, mitotic activity, or the size of the tumor-could not be established.
Metabolic Rate of Glucose
In this group of animals, 9 rats exhibited tumors. Size, localization, and histological appearance of the tumors were similar to that of the group in which cerebral blood flow was measured (diameter, 2-8 mm; mean, 6.1 mm). The autoradiographic appear ance of the tumors, however, differed markedly (Fig. 2) . In solid parts of the tumor, local glucose consumption was distinctly increased above the av erage rate of the brain, and the tumor was therefore sharply demarcated against the surrounding tissue. Using rate constants of gray matter, quantitative evaluation revealed a mean value of 87.2 ± 5.8 j.LmoVlOO g/min, i.e., almost three times as much as in the cortical gray matter of the same animals. In the necrotic parts of the tissue, local glucose con sumption was nil. A distinct transition between central and peripheral parts did not exist. There were, however, small regions with exceedingly high metabolic rates, presumably because of anaerobic stimulation of glucose utilization.
Measurements of cerebral metabolic rate of glu cose in the peritumoral tissue are summarized in Table 3 . In contrast to the flow values, a distinct difference to sham-operated controls was present both in the ipsilateral and contralateral hemi spheres. This was particularly pronounced in the cortex and putamen, in which local glucose con sumption was 40-50% lower than in sham-operated controls. In the thalamus and hippocampus, meta bolic inhibition was much less pronounced, al though blood flow was distinctly reduced on the ipsilateral side (see above). In the immediate vicin ity of the tumors, a small rim of increased glucose consumption was occasionally observed. This in crease, however, was only a relative one and rarely exceeded the control value in sham-operated animals.
Histological Observations
The histology and ultrastructure of the trans plantation tumors have been described in more de-
. tail elsewhere (Mennel, 1978; Hurter and Mennel, 1981) . The present study allowed only a rough evaluation, because histological examination had to be carried out using cryostat sections. It could be noted, however, that there was a sharp demarcation of the tumor against the surrounding tissue with a very small infiltration zone (Figs. 1,2) . Mitotic cell forms were located mainly in the peripheral regions. In the solid parts of the tumors, large sinusoidal vessels were present; in the central parts, however, tissue necrosis with cell debris, small vacuoles, and occasional bleedings occurred.
The histological localization of tumor cells cor related so closely with the autoradiographic demon stration of increased glucose metabolism that in some instances the autoradiographic picture al- lowed the identification of small tumor cell clusters that were barely visible using standard histological stains. Such a demarcation was not present in au toradiograms prepared for evaluation of cerebral blood fl6w.
DISCUSSION
The present autoradiographic methods for the measurement of regional blood flow and metabo lism are well-established techniques that have been widely used for the study of various physiological and pathophysiological conditions. However, they have only occasionally been applied to brain tumors, and some discussion of their application in such an experimental situation seems warranted.
The main prerequisites for the application of the antipyrine technique for measurement of blood flow are steady-state conditions and unrestricted diffu sion of the tracer across the blood-brain barrier. In the present experimental setup, steady-state condi tions were fulfilled. The animals were anesthetized with barbiturate, which stabilizes regional differ ences in blood flow, and they did not receive any sensory stimulation during measurement. Unre stricted diffusion of antipyrine, on the other hand, can be assumed only at flow rates up to approxi mately 50 mlllOO g/min (EkIOf et aI. , 1974; Sakurada et aI. , 1978) . For this reason, antipyrine has been substituted by iodo-antipyrine, which does not suf fer from diffusion limitation and which can be used for measuring flow rates of 200 mlllOO g/min or more (Sakurada et aI. , 1978) . A disadvantage of iodo-antipyrine, however, is the fact that the blood-brain partition coefficient differs significantly from unity and varies in different regions of the brain. Without precise knowledge of this coefficient in tumor tissue, erroneous results may be obtained. Antipyrine does not pose this problem because the blood-brain partition coefficient is close to unity for both gray and white matter, and it is therefore likely that the same value also applies to tumor tissue. Since preliminary studies had revealed that hyperemic foci are rare in experimental brain tumors, antipyrine was chosen as the tracer for the present study. Our results confirm that blood flow in the tumor rarely exceeded 60 mVlOO g/min. We consider that diffusion limitation was not a major factor, and the values obtained are considered to represent the actual flow rates.
The deoxyglucose method for the measurement of local glucose consumption, on the other hand, poses serious problems. The calculation of meta bolic rate of glucose requires a knowledge of several rate constants that describe the transport and en zymatic turnover of deoxyglucose and glucose. These constants have been determined for various brain regions in healthy anesthetized and un anesthetized rats, but they are not known for the present brain tumor material. We have tentatively used the rate constants of gray matter for calcula tion of metabolic rate of tumor tissue because the variables that most strongly influence the final cal culation of metabolic rate are the glucose concen tration of the tissue (Crane et aI., 1981) and the rate constant of deoxyglucose transport from blood to brain tissue (Sokoloff et aI., 1977) . The glucose content of the brain tumor could not be assessed in the present investigation because brains were not frozen in situ. However, preliminary studies using the same experimental model suggest that in solid parts of the tumor, it is similar to that of the cortical gray matter (Paschen et aI. , in preparation). The rate constant of transport is flow-dependent, and since blood flow in solid parts of the tumor is very close to that of normal gray matter, it is assumed that this constant is also similar to that of cerebral cortex. The other constants are either relatively in dependent of blood flow and the metabolic condi tion of the tissue or appear in the equation where even large fluctuations cause relatively small errors. We therefore expect that in the solid parts of the tumor the calculated values come close to the actual glucose consumption of the tumor tissue. In regions with low flow near the necrotic center of the tumor, an estimation of glucose utilization is not possible. Restrictions for the application of the deoxyglucose method to evaluation of glucose utili zation in the surrounding peritumoral brain tissue, to our knowledge, do not exist. The values obtained are therefore considered to be correct.
The main conclusions from the present study are as follows: (1) in the tumor the high consumption of glucose is not coupled to an equal increase in blood flow, and (2) in the brain of the tumor-bearing animals, the metabolic rate of glucose decreases significantly-neither is this decrease coupled to a parallel change of blood flow.
A comprehensive study of flow and metabolism in standardized experimental brain gliomas has not been performed before, but several short communi cations have been published that are in line with these conclusions. Shinohara et al. (1979) described local cerebral glucose utilization in rats implanted with Walker-256 metastatic brain tumors. They noted very high rates of glucose utilization, up to 223 JLmol/lOO g/min in the peripheral regions of the tumors composed of viable tumor cells. These val ues are even higher than in our study, in which an average rate of 87 JLmol/100 g/min was measured. However, in our study a glial cell clone having a lower proliferation rate than the Walker-256 tumor was used, and our animals were anesthetized with barbiturate in contrast to those of Shinohara et ai. (1979) , which were awake.
Shinohara and co-workers (1979) also noted a de pression of glucose utilization in uninvolved brain regions, even of the contralateral side. This obser vation is fully corroborated by the present study, in which the average decrease of glucose consumption in the cortex and putamen was 40-50% on both ip silateral and contralateral sides. There was no sig nificant change in the hippocampus and thalamus, suggesting that metabolic suppression was not a general but a specific response, involving mainly telencephalic structures.
A distinct dissociation between the increase of glucose consumption in the tumor and a decrease in peritumoral brain region was also noted by Altenau et ai. (1977) , who studied regional glucose metabo lism in mice following experimental implantation of ependymoblastoma. In this study, however, only qualitative observations have been reported, which do not allow a direct comparison with our investi gation. Blasberg and Patlak (1979) reported an au to radiographic investigation of blood flow in Walker-256 metastatic brain tumors. Blood flow in smaller lesions was 50-80 ml/ 100 g/min, and in larger tumor masses, 10-20 ml/100 g/min. An in verse relationship between blood flow and tumor size was also noted in neoplasms induced by intra cerebral inoculation of an avian sarcoma virus (Blasberg et ai., 1981) , but in ethylnitrosourea induced rat gliomas, this relationship was less evi dent (Yamada et ai., 1981) . There seems to be gen eral agreement, however, that there is no sharp demarcation of blood flow between necrotic and viable parts of the tumor. This observation is in line with the present and a previous investigation from our laboratory (Hossmann et ai., 1979) and contrasts with the deoxyglucose picture, in which such a de marcation is present.
The high glucose consumption in the tumor tissue apparently reflects the increased glycolytic flux of neoplasms. It is a long-established fact that tumors cover much of the energy requirements by anaerobic breakdown of glucose (Warburg, 1930) . Oxygen consumption of brain neoplasm has been measured both in vitro (Kirsch et ai., 1978) and, using positron emission tomography, in vivo (Mac Kenzie et ai., 1978; Ackerman et ai., 1981) , and it has been found to be distinctly below that of normal gray matter. Since anaerobic breakdown of glucose yields only 5% of energy-rich bounds as compared to aerobic glycolysis, it is not surprising that the glycolytic flux in the tumor must be considerably increased to cover the energy requirements of the proliferating tissue. The increase in glycolysis is not coupled to a similar increase in blood flow. The inability of the tumor vasculature to adjust to the metabolic requirements, in consequence, may be one of the reasons for the tissue necrosis that fre quently develops in the center of the tumor.
An interesting finding is the considerable de crease of metabolic activity in the peritumoral brain tissue. This decrease, which approached almost 50% of the control, was present not only in the im mediate vicinity of the tumor, but affected remote regions of the contralateral hemisphere as well, even when the tumor was strictly confined to the ipsilateral side. It would be tempting to conclude that the contralateral metabolic inhibition was due to diaschitic functional depression, comparable to that after unilateral stroke (Ginsberg et ai., 1977) . However, such an explanation is not likely, because the animals were anesthetized, and metabolic inhi bition was not accompanied by a coupled decrease in blood flow. A methodological aspect that should be considered before placing too much emphasis on this dissociation is the fact that flow and metabolism were measured in different animals, and although the same tumor cells were transplanted, it cannot be excluded that the general condition was different in both groups. Recently, double-tracer techniques have been developed that allow the assessment of both parameters in the same animal (Lear et ai. 1981; Mies et ai., 1981) . Using these techniques, studies are underway by means of which a more detailed analysis of this interesting phenomenon will be given.
